Abstract. Mono Lake is a perennial, closed-basin lake that has existed for at least 700 kyr. This 46-m-deep alkaline lake's present concentration is about 90,000 ppm total dissolved solids. Well logs show that beneath part of the lake, saline groundwater of concentration >18,000 ppm extends to the bottom of the basin fill aquifer (Rogers and Dreiss, this issue). Numerical simulations indicate that redistribution of the basin's solutes between the lake and underlying saline groundwater body, driven by late Quaternary lake level changes, may be responsible for the high present-day solute content of Mono Lake. At low lake levels, the high lake concentration causes solute loss via free convection; this .might occur more rapidly through faults or fractures. The saline-fresh groundwater interface position reflects a balance between the saline groundwater density and the force of inflowing fresh groundwater discharging near the shoreline. At higher lake stages, the shoreline discharge zone moves toward the basin edge, and the unrestrained saline groundwater mass subsides, drawing solutes from the lake into the basin sediments. Falling lake levels again constrict the saline groundwater beneath the lake, forcing saline water into the lake and increasing its solute content. The sediment permeability below the lake is the major control on the solute transfer rate between the lake and the groundwater reservoir. Only the larger, longer-term lake stage changes cause saline groundwater movement; depending on the assumed basin fill aquifer permeability, equilibration of the saline groundwater and lake solute content with lake stage changes requires hundreds to thousands of years. Simulations suggest that the historical conditions, where a more saline Mono Lake (50,000-90,000 ppm) overlies less concentrated groundwater (apparently -18,000 ppm), could be due to the still present impact of late Pleistocene lake high stands. Mono Lake's historical salinity data have a large scatter, but suggest a 5% decrease in the lake's solute content over the last 50 years. We estimated the diffusive solute flux into lacustrine sediments for this period from core data. The salinity data are consistent with a combination of solute diffusion into sediments and an equal, or greater, model-predicted advective solute loss to groundwater.
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pographies in the U.S. Great Basin; therefore lake level responds strongly to small climate fluctuations [Benson and Thompson, 1987] . For this reason, Mono Basin is a unique place to examine this aspect of lake-groundwater relationships. Mono Lake is at least 700 lejr old [Gilbert et al., 1968; Lajoie, 1968; Christensen et al., 1969] . (We follow the convention that time periods are referred to as kyr or Myr and dates before present as ka or Ma.) The 46-m-deep lake is saline (with a 1992 concentration of about 90,000 ppm TDS) and alkaline (pH -9.7). It is located roughly in the center of Mono Basin (Figure 1 In simulations with recharge rates characteristic of the Sierra Nevada side of the lake, the interface is pushed beneath the lake, far from the shoreline [Rogers, 1993b;  Rogers and Dreiss, this issue]. The interface probably lies directly beneath the lakeshore around much of the rest of the lake. On the low-recharge northeastern lakeshore the top of the interface may be located outside the shoreline. These simulation results account for the spring chemistry and distribution of saline groundwater observed in Mono Basin. We also demonstrated that the lake and saline groundwater are hydrologically connected, with a continual exchange of solutes arising from density-driven circulation.
In this paper we use this variable-density groundwater flow and solute transport model to examine how the saline groundwater body underlying Mono Lake reacts to Pleistocene-scale lake level fluctuations. This allows us to quantify the resultant movement of solutes between the lake and the saline groundwater. The permeability of the basin fill beneath the lake is a major factor controlling the rate of solute transfer between the lake and groundwater. Therefore we use three separate permeability models of the basin fill to evaluate how sediment permeability affects solute transfer between the lake and groundwater.
We use the model (1) to investigate the response of the lake's solute content and salinity, and the position of the saline groundwater body, to idealized sinusoidal lake fluctuations of varying stage and period and (2) to explore the specific reaction of the lake-groundwater system to the lake level chronology inferred for Mono Basin during the last 36 kyr. These exercises provide insight into the hydrological and temporal factors that influence both the saline groundwater distribution and lake-groundwater solute exchange, and they extend the conceptual model of closed-basin hydrology developed by Rogers and Dreiss [this issue].
Closed-Basin
Solute Balance A critical characteristic of closed-basin lakes is their large fluctuation in level, and hence volume and salinity, through time. Factors affecting accumulation of saline groundwater include salinity differences between the lake and groundwater [Bowler, 1986] , the length of time the basin has been hydrologically closed [Macumber, 1992] , sediment permeability and transport processes [Rudolph et al., 1991; Konikow and Rodrfguez Ar•valo, 1993] , and the degree of subsurface basin leakage [Wood and Sanford, 1990; Sanford and Wood, 1991] . The sediment pore water in closed lakes plays an unusually large role in storage of solutes, owing to large changes in lake level and salinity [Spencer et al., 1985a] into the lake sediments. When the lake rises and freshens, solutes diffuse back into the lake water [Lerman and Jones, 1973] . Free convection also may transport solutes into the underlying groundwater. Jones et al. [1969] and Van Denburgh [1975] showed that the lake bottom and playa sediments of Abert Lake, Oregon, contain a significant dissolved solids load and that the solute concentrations in the pore fluid greatly exceed that of the lake. Lerman and Jones [1973] modeled the diffusive redistribution of solutes between the pore fluids and lake water and concluded that flux out of the sediments contributed 45% of the solutes that entered Abert Lake over a 25-year period. Surface water inflow added only 0.1% of the lake's solutes during this interval. Spencer et al. [1985b] found that accounting for solute storage in sediment pore water enabled them to balance the Great Salt Lake's solute budget over the last 30 kyr. They noted, however, that uncertainties in the quantity of solutes stored within the basin's sediments range up to an order of magnitude and uncertainties are 10-20% for pore fluids.
Lerman and Jones [1973] concluded that even very small rates of groundwater flow from the sediments into Abert Lake (i.e., >-0.1 cm/yr) are inconsistent with the sediment pore water concentration profiles observed within 1 m of the lake bottom.
Groundwater inflow estimates based on lake bottom core analyses may underestimate inflow by overlooking another fluid pathway: At Mono Lake, much of the sublacustrine groundwater inflow (and possibly outflow) may occur through faults and fractures, bypassing the shallow lake bottom sediments.
The basin fill appears to be densely faulted: Along a 10-km section of the southern shoreline, a map by Stine [1987] shows 11 faults intersecting the lakeshore. For inflow to the lake this bypassing is enhanced by calcite self-sealing, where calciumrich groundwater recharge precipitates calcite on encountering the alkaline lake water [Mariner et al., 1977; Cloud and Lajoie, 1980] . Numerous springs issue from the lake floor, apparently along faults [Lee, 1969; Oremland et al., 1987] . Many of these springs are fresh and related to tufa formation [Russell, 1889; Lajoie, 1968; Stine, 1987] . Other springs, such as the Paoha Island hot springs, have a salinity of 22,000-26,000 ppm TDS [Lee, 1969; Mariner et al., 1977] .
Mono Lake During the Late Quaternary Lake Russell (Figure 1 ) is the name given to the late Pleistocene lake that occupied Mono Basin. At its greatest extent, Lake Russell overflowed Mono Basin, and occupied Alkali Valley to the northeast [Russell, 1889] . Mono Basin may have overflowed southeast to Adobe Valley and Owens Valley at some time during the late Pleistocene but apparently did not spill during the last 35 kyr [Benson et al., 1990 ]. The presentday lake occupies only a fraction of its former basin (Figure 2 ).
Historical Lake Levels and Salinity
The level of Mono Lake (Figure 3 ) rose from the time of the earliest reports in the 1850s, to its historical high stand at 1959.2 rn in 1919 [Stine, 1987] . Los Angeles began diverting surface water from Mono Basin for municipal use in November 1940. As a result the lake level has fallen 14 m, salinity has doubled, and lake volume has decreased by more than half.
The lake reached its historical low stand of 1942.2 m in 1982 [Stine, 1987] . Figure 3 shows Mono Lake's historical lake level and salinity. Several published salinity values are omitted, either because no density is reported for them or the TDS and density values are inconsistent with other data and apparently in error. The salinity data collected at six to eight stations on four dates in 1974 (29 values) and two dates in 1979 (15 values) by Los Angeles Department of Water and Power (LADWP) [1987] show that the lake salinity is difficult to precisely characterize (vertical bars in Figure 3 Historical lake levels and (bottom) lake salinity and total solute mass for Mono Lake. Lake level and salinity curves modified from Stine [1988 Stine [ , 1991 [Benson et al., 1990 ]. The record of lake level variations derived from geomorphic evidence is less well resolved at times further in the past. The high-frequency lake level fluctuations (Figure 4 (top) ) described for the last 1.8 kyr by Stine [1987 Stine [ , 1990 , derived from a detailed analysis of exposed strata, probably apply as well to the period before 1.8 ka. For this earlier period, only the record of the most extreme changes in lake level is still discernible.
The fluctuations of Mono Lake prior to 35 ka may be inferred from the history of the Pleistocene Owens River system. Mono Basin is at the northern end of this chain of pluvial lakes, which extends to Death Valley [Smith, 1976] . Jannik et al.
[1991] produced a lake level chronology for the paleo-Owens River Basin, covering the last 2 Myr, by analyzing cores from Searles Lake and Panamint Valley. Their chronology shows that the dominant periods of lake level fluctuations during the last 700 kyr are in the 15-50 kyr range.
Simulating the Late Quaternary Groundwater System

Conceptual Model
Our model encompasses the floor of Mono Basin (the area occupied by Pleistocene Lake Russell) and represents the underlying basin fill aquifer. These two areas are nearly coincident [Vorster, 1985] . In this paper we extend our conceptualization of groundwater flow in Mono Basin, as presented by Rogers and Dreiss [this issue] to include the effect of changing lake levels. This is achieved through modifying the upper boundary conditions to reflect a fluctuating lake with varying extent. We assume that the basin's water table rises along with the lake, maintaining the same gradient (Figure 2 ). This means that total groundwater recharge decreases at higher lake levels, owing to a smaller basin floor area. We investigate how three separate permeability models of the basin fill (discussed below) affect the lake fluctuation-induced solute transfer between the lake and groundwater system. Our analysis is designed to examine the solute interchange that occurs mainly through the eastern part of the lake bottom, beneath which most of the saline groundwater is apparently located [Rogers and 
Mathematical Model and Model Design
We simulated the groundwater system of Mono Basin with the finite element, variable-density flow and solute transport model SUTRA [Voss, 1984] 
Permeability Models for the Basin Fill Aquifer
The permeability of the basin fill beneath the lake is a major factor controlling the rate of solute transfer between the lake and groundwater. This applies especially to the sediments underlying the lake at its minimum extent: The lake water is most concentrated at its lower stages, and larger concentration or density gradients between the lake and groundwater may lead to the highest solute fluxes. We use three separate permeability models of the basin fill to examine the importance of permeability ( Figure 6 ). steady state saline groundwater configuration as for the other two cases, but lower net groundwater recharge and flow velocities (Table 1 ). This choice is discussed further below.
For solute boundary conditions any water entering the aquifer through the lake bottom has the concentration of the lake. Water entering through the basin floor has zero concentration. The lake's total solute mass is updated each time step by keeping track of solute losses or gains in the underlying aquifer. The lake concentration (TDS in grams per liter) is recalculated at each step by dividing the total mass of solutes in the lake by the current time step's lake volume, determined from the hypsometric relationship shown in Figure 2 . The lake concentration in parts per million is calculated from the grams per liter values using a concentration-density relationship for Mono Lake water (Table 2) [Rogers, 1993b] . [Rogers, 1993b] . This small addition of solutes has little effect on the results; both because the total solute mass in the system is high compared to that delivered by weathering over the time modeled and because the long-term average lake-groundwater solute exchange rates are an order of magnitude larger than the assumed weathering input rate.
Model Parameters
The selection of a value for storativity poses a problem for our model formulation. The specific pressure storativity for the aquifer matrix, with units of Pa-•, is Sop = (1 -e) a + e/3, with e porosity, a the porous matrix compressibility, and/3 the fluid compressibility [Voss arid Souza, 1987] . As lake level rises in our simulations, the water table rises above the ground surface on former lakeshore. The concept of storativity is based on the premise that weight of overburden is constant [Freeze and Cherry, 1979] ; this assumption is therefore violated in our simulations. Further, the one-dimensional vertical aquifer compressibility constant a derives from the concept of changing effective stress [Freeze and Cherry, 1979] . Changing the water column height above the ground surface does not change the effective stress: The overburden pressure and fluid pressure change by the same amount, so the effective stress (the difference between these values) is zero. The storativity formulation in SUTRA [Voss, 1984] does not properly handle this situation, so we set a to zero to avoid a nonphysical change of aquifer pore volume resulting from the significant changes in overlying water depth. Other parameters are listed in Table  2 these results we assumed an initial uniform groundwater concentration of 18,000 ppm TDS below the lake. In order to achieve a steady state we used the same concentration value for the lake and groundwater. For the current initial conditions the lake has an initial concentration of 65,700 ppm, higher than the groundwater. The initial solute mass in the lake is 2.64 x
• • kg, the 1940-1980 mean. Thus the initial condition is
unstable and represents our interpretation of the present situation at Mono Lake, where the lake apparently has a much higher salinity than the underlying groundwater [Rogers and Dreiss, this issue]. The initial conditions for the uniform and zoned permeability models are similar (Table 1 ). The permeability below the basin floor (Figure 6 ), which controls the recharge rate in the steady state flow system, is the same for these two models. Using the average permeability model with the same recharge pushes the interface well beneath the lake floor. In our analysis we want to examine the solute interchange that happens across the floor of the eastern part of lake, below which most of the saline groundwater is evidently located [Rogers and Dreiss, this issue]. For the average permeability case initial condition, we used a lower water table gradient so that the interface is located near the shoreline; thus all of the cases have about the same initial mass of groundwater solutes. Because of this lower water table gradient the average permeability model case has only 25% of the net groundwater recharge in the other models and lower flow velocities. Table 1 lists the position of the 0.9 wt % (weight percent, 1 wt % = 10,000 ppm) concentration con- Table 2 
Sinusoidal Lake S•age Results
In this section we discuss some representative simulations to illustrate the processes which transfer solutes between the lake and saline groundwater. The examples show how these processes change with variations in maximum stage, lake oscillation period, and permeability model. The parameters used to compare the simulation results are the temporal variations of lake concentration, the total solute mass in the lake and groundwater, and the saline groundwater interface position. The interface is tracked using the position of the top and toe of the 0.9 wt % (9000 ppm) contour, which is the 50% concentration contour for the initial condition simulations. In subsequent sections we summarize how solute transfer between the lake and groundwater systems varies with lake stage, oscillation period, and permeability. During rising lake stage the lake edge moves toward the outside of the basin (Figures 7c and 8c) . This moves the shoreline's intense groundwater discharge zone outward, and the now unrestrained saline groundwater mass subsides toward new stable position at the bottom of the basin fill (Figure 8a) . At higher lake stages the flow regime beneath the expanded lake includes zones of both fresh and saline groundwater but is dominated by free convection, Where buoyancy forces dominate [Domenico and Schwartz, 1990] . While the lake is high, the interface toe moves steadily outward, and the top of the interface becomes detached from the saline lake water. Note (Figure 8a ) that groundwater flow beneath the lake floor and above the subsiding saline groundwater mass is predominantly downward, while groundwater flow in front of the advancing toe is toward the basin edge. The subsidence of the saline groundwater body draws saline water through the lake floor into the underlying basin fill, further decreasing the lake's total solute mass (Figure 7b ). This mechanism is more pronounced in subsequent simulations.
With falling lake levels, the inward moving shoreline groundwater discharge zone encounters the interface and pushes the saline groundwater back toward the basin center (Figure 8b ). The inward constriction of the saline groundwater forces solutes back up into the lake (Figure 7b ). The motion of the interface lags the retreating shoreline, and the interface continues to move inward even after the lake reaches its minimum stage (Figure 7c ). The near coincidence of the lake's minimum volume and highest solute content produces a high lake concentration at low stand.
The impact on the simulation results of the unstable initial condition, with an assumed initial lake salinity higher than that of the groundwater, is minimal. In fact, it is a fortuitous choice, because the consequence is that solutes initially drain from lake ( Figure 7b ). This anticipates the pattern following each subsequent return of the lake to its low stand. At very short lake oscillation periods, on the other hand, this initial solute drainage dominates the lake's solute mass history, and the interface moves generally outward.
Two advective mechanisms account for solute loss from the lake to the groundwater: (1) lake water drawn through the lake floor above the subsiding saline groundwater mound (forced convection, Figure 8a ) and (2) density-driven free convection of high-salinity lake water into the groundwater during lake low stands (Figure 8b ). The quantity of solutes lost from the lake by free convection depends on several factors including lake salinity, the permeability beneath the lake, and the length of time the lake is at low stand, when the lake's concentration is highest. Given enough time at low stand relative to the permeability of sediments below the lake bottom, densitydriven free convection eificiently transfers solutes into the groundwater (Figures 7b and 8b) . For this reason the basin fill permeability structure beneath the lake at low stand is the most important stratigraphic control on solute loss from the lake.
Of the three permeability models ( Figure 6 ) the uniform model has the largest permeability below the low stand lake and permits the greatest solute loss by free convection through the lake floor. This loss occurs at the center of the lake (Figure  8b ) because the interface is still moving inward (Figure 7c ) and saline groundwater is discharging through the portion of the lake floor nearest the shoreline. As lake level begins to rise again, the interface toe moves out from its minimum point (Figure 8c) , and lake water enters along the entire lake floor. This entry of still concentrated lake water near the lakeshore creates the closest approach of the interface top (the 0.9 wt % contour) to the lakeshore (Figure 7c) . With further increase of lake stage and subsidence of the saline groundwater mass, the groundwater mixes, and the convection cells are no longer apparent (Figure 8a) . In the present example the mechanisms causing solute loss from the lake dominate those operating in the other direction, and the system achieves a repeated cycle The zoned and average permeability models follow the same trend as the uniform model (Figure 15a ) but are shifted to longer periods, corresponding to the lower rates at which the solute transfer mechanisms operate with lower permeabilities. The lower permeability beneath the lake slows the lake's solute loss, while displacement of solutes into the lake by constriction of the saline groundwater mass, which occurs near the lakeshore, retains its effectiveness. The shortest period at which lake fluctuations have a major impact on the lake's solute mass is greater for lower permeabilities, and the maximum solute mass in the lake at longer periods is larger. Figure 16 shows how the maximum and minimum lake solute concentrations vary with period. For Smax -2155 m (Figure 16a) the maximum concentration at the shorter periods follows a trend similar to the lake's maximum solute mass. The concentration decreases at first with increasing period and then increases dramatically. At the longest periods, however, the maximum concentration decreases again. In these latter • lake assumed groundwater salinity much lower than the lake salinity. We next turn our attention to the duration of these effects.
Duration of Lake Solute Content Changes
The large variations of lake stage give rise to pulses of higher total lake solute mass and concentration. Lake level histories of the Great Basin lakes consist of intricate series of fluctuations with variable duration and magnitude. We want to know how long these changes in lake solute content endure, in order to determine the relative importance of parts of the lake stage history. To quantify how long the changes in lake salinity and solute content last, we need to define what we mean by the duration of the resultant peaks. This is complicated by the asymmetric variation of the lake's solute mass with time in some cases (e.g., Figure 9a Besides sediment permeability the major factors controlling solute transfer between groundwater and the lake are the extent and rate of lakeshore movement. The time and distance over which the lakeshore expands and contracts determine the quantity of solutes that the receding lakeshore displaces into the lake, as the moving shoreline discharge zone constricts the saline groundwater volume. The rate of lake level decline determines the rate at which solutes are displaced into the lake. The time at low stand, when lake concentration is high, controls the lake's solute loss by free convection.
The The main feature of the first 4-kyr period at low lake level is that solutes drain from the lake (Figure 20b) . The results for the average permeability model are most influenced by the combination of high initial lake salinity and length of the 4-kyr low stand interval prior to the lake level rise at 36 ka. This permeability model requires about 15 kyr to drain the same amount of solutes from the lake (see Figure 13a ) that the other two models lose in 2 or 4 kyr (Figure 20b) . Solute loss by free convection develops to a varying extent, depending on permeability (Figures 22a-24a) . The convection cells occur at the lake edge, because this is where the initial condition's highest solute inflow is located [Rogers and Dreiss, this issue], and there is no inward motion of the interface displacing solutes upward through the lake floor.
During the subsequent 26-kyr high stand the lake's solute content remains low for the uniform and zoned permeabilities and continues to drop for the average model (Figure 20b) . The interface toes move out nearly monotonically during this period (Figure 20c) , reaching their maximum extent just before 10 ka (Figures 22b-24b) (Figure 4) , has no discernible effect on the lake's solute content. The higher concentrations resulting from lower lake levels cause rapid free convection of solutes from the lake to groundwater (Figure 22d ). For the zoned permeability model the solute pulse produced by the major 10-ka lake recession lasts about 8 kyr ( Figure  20b ). At 6 ka this results in the highest lake concentration and solute content of all the models (Figure 21) . The rise to the 3.5-ka high stand does not have much effect, because solutes displaced into the lake by the 10-ka recession are still draining from the lake (Figure 23c ). The decline from 1980 m to modern lake levels drives a second solute pulse into the lake, which is superimposed on the previous pulse. The result is a final salinity near that of the present lake. The average permeability model has a very different response to the 10-ka recession. The interface in this case adjusts to lake level decline much more slowly, and solute displacement into the lake occurs at a lower rate. The slower interface response reflects the lower water table gradient boundary condition (thus lower recharge) for this model, characteristic of Mono Lake's eastern shoreline. The slower response also is affected by the lower permeability and the broader shoreline discharge zone created by the anisotropic permeability zone.
The lower lake levels since 10 ka continue to constrict the saline groundwater and drive solutes into the lake, up to the present time (Figures 20b, 20c, 24c, and 24d) . The rise to the 3.5-ka high stand reduces constriction of the saline groundwater and slows the increase of the lake's solute content. The fall in lake level after 3.5 ka renews the pace of solute displacement into the lake. The final lake salinity also reaches the modern values (Figure 21 ).
Late Holocene Lake Level Changes
Preliminary model results confirm that the more rapid Holocene lake level fluctuations evident during the last 2 kyr (Figure 4) do not have the same effect on the saline groundwater body and lake salinity as did the larger late Quaternary changes [Rogers, 1993a, b] . There is a potentially large effect on shoreline groundwater quality, however. When the lake falls to the low levels characteristic of the last 2 kyr, the saline groundwater is squeezed up into a compact mass below the lake. Some of the saline groundwater discharges across the lake floor near the shoreline. As lake levels decline further, the mass of solutes discharged across the lake bottom increases. In some simulations the solute flux near the shoreline nearly quadruples over the last 100 years as lake level falls and the lake's area decreases. These simulation results represent the "average" Mono Lake. At a point on the northeastern shoreline, which may now overlie the saline interface [Rogers and Dreiss, this issue], the increased solute discharge occurs directly on the exposed playa surface. The water evaporates, leading to high shallow groundwater concentrations and formation of a surface salt crust. Table 3 
Sediment Diffusion Versus Groundwater Advection
Conclusions
Mono Lake's current salinity of about 90,000 ppm TDS is 4 or 5 times the apparent groundwater salinity. We propose that the lake's high solute content is a result of the lake's fall in stage, over the last 10 kyr, from pluvial high stands. This decline in lake level has forced lower-salinity groundwater up into the lake, where it has been concentrated by evaporation and decreasing lake volume. Mono Basin's hydrogeology is complicated by large differences in recharge and stratigraphy along its lakeshore. We have explored the groundwater-lake solute interchange capacity of this system by examining some possible end-member basin fill permeability models. The model results confirm that the present high salinity of Mono Lake could be a lingering result of past lake level changes.
Although the solute loss rate from Mono Lake over the last 50 years is uncertain, it could arise from diffusion into the lacustrine sediments, which we have estimated, and simultaneous advection into the groundwater. The data are consistent with a combination of solute diffusion into sediments and an equal, or greater, advective loss to groundwater. This advective loss may occur through lake bottom faults and fractures and might not be detected by ordinary sediment core studies, which sample the lake bottom at only a few locations. The uniform and zoned permeability models predict that as a result of Mono Lake's large late Quaternary stage variations, the lake is currently losing solutes; the average permeability model pr,edicts that an increase is still occurring. The historical lake salinity data are not precise enough to rule out either option when diffusive flux into lake bottom sediments is accounted for. Given the large data uncertainty the model-predicted advective solute loss rates for the uniform and zoned permeability models are consistent with our interpretation of Mono Lake's historical solute content.
The basin fill permeability beneath the lake at its minimum extent controls the rate of solute exchange between lake and groundwater. Advective transport of solutes from the lake to groundwater occurs by density-driven free convectio n at low lake levels, when lake concentration is high. Loss of solutes from the lake occurs by forced convection during rising lake stage, as a subsiding saline groundwater mass draws lake water into the basin sediments. Declining lake levels constrict the saline groundwater body and force solutes back into the lake. For this reason the basin fill permeability structure beneath the lake at low stand is the most important stratigraphic control on the lake's solute balance.
Besides sediment permeability the major factors controlling solute transfer between groundwater and the lake are the extent and rate of lakeshore movement. The rate of lake level decline determines the rate at which solutes are displaced into the lake. The time at low stand, when lake concentration is high, controls the lake's solute loss by free convection. Hundreds to thousands of years are required for equilibration of the saline groundwater and lake salinity with lake stage changes. The lake-groundwater system acts as a low-pass filter, responding to the slower, larger changes of lake level. For a more complex sequence of changing lake stage, with higherfrequency, low-amplitude fluctuations superimposed on larger oscillations, this means that the lower-frequency and largeramplitude stage changes control the lake's solute content.
Major solute losses from closed basins are thought to occur during basin overflows associated with pluvial high stands [Smith, 1976; Jannik et al., 1991] . Our simulations suggest that during prolonged periods of high lake levels, much of the lake's solutes enter the groundwater and therefore may not be lost by basin overflow. The implication for the long-term solute mass balance of closed basins may be that in addition to losses through basin overflow, major solute removal must also occur by eolian deflation from the playa at low lake stands or through groundwater seepage out of the basin.
